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ABSTRACT

Polycarbonate (PC) undergoes loss of physical integrity and ultimate dis-

solution in the decontaminant DS2. In order to gain a better understanding of
this process, this study evaluates the effects of each of the three components
of DS2 on PC. Weight loss measurements of PC in DETA (70%), MCEL (28%) and
MCEL+NaOH (2%) show that DETA is the most aggressive component in DS2. The
FTIR spectra of PC/DETA, PC/MCEL, and PC/MCEL+NaOH indicate that the principle

degradation mechanism of PC in DS2 is the chain cleavage reaction taking place
at the carbonate linkage due to the attack of the amine and the hydroxide.

Mass spectroscopy analysis on the dry PC/DS2 residue indicates that numerous
low molecular weight products are formed. Results of stress cracking of PC
with DS2 and DETA show a considerable breakdown in resistance. The MCEL com-

ponent is less aggressive than DETA, but still induces significant stress

cracking. k .
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INTRODUCTION

DS2 is sometimes considered a universal decontaminant in the sense that it will
rapidly hydrolyze both vessicants and nerve agents, although it may be ineffective
against biological warfare agents. The usual decontamination procedure involves
washing the contaminated object with DS2 for two hours. Such an operation could
cause serious corrosive effects on some materials due to the nature of DS2, which
consists of 70% diethylene triamine (DETA), 28% methyl cellosolve (MCEL) and 2% NaOH

by weight (0.5 molar). The problem is particularly prominent in applications where
V.- thermoplastic materials are used. For instance, polycarbonate, used widely for air-

craft windows, helicopter canopies and transparent armor because of its good impact
strength, optical transparency and high toughness, is extremely susceptible to the
attack of DS2. It undergoes dissolution readily in DS2, resulting in complete Ioss
of physical integrity if not properly coated with a chemical resistant coating.
Mylar, a thermoplastic polyester, also shows a large reduction of weight upon expo-

sure to IS2. A detailed s~udy of the interaction between DS2 and peroxide cured
neoprene has been reported. The report demonstrates the multicomponent aspects of

the transport behavior of DS2 in the action of decontaminating a crosslinked poly-
mer. The results of the study, however, may not be generally applicable to glassy
thermoplastic polymers, because interactions other than thermodynamic swelling, as
in a crosslinked elastomer, may take place. The purpose of this work is to study
the interactions between DS2 and PC by examining the effects of the individual com-
ponents of DS2 and their combinations on the properties of polycarbonate, and to
advance the present understanding of the interaction mechanisms between the decon-
taminant and polymers.

EXPERIMENTAL

Sorption uptake was determined at room temperature as a function of time on
samples -1 inch square and 0.25 inch thick. Samples were immersed in a DS2 solution
contained in a screw cap jar, one sample to a jar. At preselected intervals, the
samples were removed, blot dried on filter paper, and transferred to a tared weigh-
ing bottle.

A stress cracking study was done by placing samples (6" x I" x 0.25") on a
",, three-point-bending fixture. Testing and data handling follow the recommendations

of ASTM D 790. For all tests, the support span is 16 times the depth of the speci-
mens. The maximum strain occurs at midspan, and may be calculated as follows:

r = 6 Dd/L 
2

where:

r = maximum strain in the outer layers (mm/mm),
D = maximum deflection of the center of the specimen (mm),

Jo L = support span (mm), and

d = depth (mm).
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The time it took for the first craze to appear after the application of the
chemical was taken as the craze initiation time.

DISCUSSION

Figure I shows the immersion results (weight loss vs square-root of time) of PC
in DETA, MCEL, and MCEL+NaOH. It can be seen that DETA is the most active component
in DS2, causing the most rapid rate of PC weight loss. While MCEL alone caused a

very slight weight loss of PC, the addition of NaOH increased its reactivity signi-
ficantly, as evidenced by the fact that the sample lost about 48% of its original
weight within 48 hours in MCEL+NaOH. The fact that the data plotted in this form
are initially linear and then appear to level off suggests the presence of a diffu-

* sion controlled mechanism in the eroding process. As the eroding process of PC in
MCEL+NaOH continued with time, the solution became more dense and opaque. There-

fore, the levelling off was most likely due to reaching the saturation point of PC
in the solution. These results indicate that NaOH plays an active role in the
dissolution process of PC in DS2, and that MCEL, being relatively inert to PC, might
function as a carrier for NaOH in the polymer medium, as previously suggested.
Figure 2 shows the weight loss of PC in DS2 and in DS2 without NaOH (DS2*). It can
be seen that the rate of weight loss in DS2* is nearly the same as that in DS2. The

4.." result is somewhat surprising, since the combined action of DETA and NaOH in DS2 is
expected to cause the dissolution process to accelerate. The results suggest that

while NaOH alone is capable of causing PC to undergo dissolution, it does not affect
the overall eroding strength of DS2 on PC.

120

0
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o PC n DTA

4 -( m aOH P nCEL

)~ 10, ' 5

Figure 1. Immersion test results of PC in DETA, MCEL and MCEL+NaOH.

The weight loss of PC in DS2 could be due to phys ca ,dissolution as a result

of the similar sojubility parameters of PC [23.0 (J/cm ) I and DS2 [estimated

around 22.9 (J/cm) ], or certain kinds of chemical hydrolysis and nucleophilic
reactions that cause the weight loss of PC by a cleavage reaction. To clarify the
exact mechanism involved, Fourier Transform Infrared Spectroscopy (FTIR) was used to
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Figure 2. Immersion test results of PC in DS2 and DS2*.

monitor any chemical structural changes of PC in DS2 and its components. The most

probable site for any chemical reaction to take place in PC, with the structure

CH3 0

CH3  n

is at the c rbonate group (-OCO0-). This group typically gives the absorption band

at 1780 cm on the IR spectrum. Figure 3 illustrates the IR spectrum of neat PC.
The presence of this absorption band can be used to verify the occurrence of chemi-

cal degradation of PC in DS2. Furthermore, any reaction product that might form as
a result of the interaction between PC and the components of DS2 could be identified

by analyzing the absorption bands. Experiments were done by withdrawing liquids
Cfrom the jars in which PC was immersed in the components of DS2 or their combina-

tions. In most cases, liquids were drawn after PC had lost more than 50% of weight
*O in the jar. The exception was with PC immersed in MCEL. The weight loss of PC in

this liquid is very minute, and the liquid was drawn after about two weeks of immer-
sion. The liquids were then injected into a cell made with two pieces of KBr salt

plates or smeared onto the salt plate for FTIR analyses.

Interactions With DETA

Figure 3 shows the IR spectrum of PC/DETA, with the spectra of pure DETA and
neat PC as references. It is evident that the absorption band at 1780 cm- I (corre-

sponding to carbonate groups) could not be detected, but a new absorption band at
1700 cm - (corresponding to a different sort of carbonyl compound) emerged, suggest-

ing the formation of a new chemical group in the system. There was concern that the

absence of the carbonate peak was due to the concentration of PC in DETA being too

low. Mass spectroscopy, however, confirmed that long molecular chains of PC had

3
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Figure 3. FTIR spectrum of the interac-

S , tions of DETA with neat PC. A) neat
I' '" PC, B) PC/DETA solution, and C) pure
'VV . DETA.
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broken down into low molecular weight products, as will be discussed later. It can

* be concluded, based on these results, that the erosion of PC in DETA was due to the
nucleophilic attack of DETA on the carbonate groups of PC, most likely by the
primary amine, resulting in the chain cleavage of PC.

Interactions With MCEL and NaOH

The solution of PC/MCEL has an IR spectrum nearly identical to that of pure
MCEL as shown in Figure 4. The result is not surprising, since PC showed little
weight loss in MCEL. As mentioned previously, the addition of NaOH in MCEL caused

PC to lose more than 50% of its original weight within a few days. Figure 4 shows
the IR spectrum of PC/MCEL+NaOH solution al well as the IR spectrum of MCEL. The
region a'ound the carbonate peak (1780 cm ) for the PC/MCEL+NaOH solution also

appeared flat, indicating that most, if not all, of the carbonate groups had under-

1gone some kind of chemical reactions, as seen in the case of PC/DETA. Several new
peaks resulted corresponding to the new chemical groups formed. The results of the
IR analyses confirm the fact that NaOH participates actively in the chain cleavage
reaction of PC in DS2.

Interactions With US2

Figure 5 shows the spectrum of PC/DS2, with the spectra of DS2 and PC as ref-
erences. The DS2 spectrum seems to be a composite of the DETA and MCEL spectra,

4
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Figure 4. FTIR spectrum of the inter-
actions of MCEL and NaOH with PC.
A) pure MCEL, B) PC/MCEL solution,
and C) PC/MCEL+NaOH solution.

+

4000 3000 2000 1600 1200 1000 600
Viave Number

suggesting that there is little chemical interaction between DETA and MCEL. The PC/
" DS2 spectrum, however, looks very similar to the spectrum of PC/DETA, shown previ-

ously in Figure 3. This could be due either to the large quantity of DETA present
in the DS2 or the fact that DETA is the most aggressive component in DS2 in the
chain cleavage process. To eliminate any possible obscuring effects caused by the
presence of the solvents, the IR spectra of the dry reaction products were obtained
by driving off the DS2 on a hot plate. Results are shown in Figure 6, with 6b rep-
resenting the degraded PC. The information obtained was similar to that for the
case where solvent was present; i.e., the carbonate groups had disappeared as a
result of interaction with DS2, confirming, as previously suggested, that erosion of
PC in I)S2 is mainly due to the chain cleavage reaction rather than simple thermo-
dynamic dissolution.

-, ~The results of the mass spectroscopy analysis on the dry PC residue obtained by
-y.. driving off DS2 indicated that numerous products with molecular weights lower than

300 were formed as a result of the following interactions:

CH3  0
II

--C6H4-C--C 6 H4 -O-C-O--

CH3  OH- NH2CH2CH2NHCH 2CH2NH2

5
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Figure 6. FTIR spectrum of dried DS2

Figure 5. FTIR spectrum of the inter- and PC/DS2 solution. A) neat PC,
actions of DS2 with PC. A) neat PC, B) dried PC/DS2 solution, and C) dried
B) PC/DS2 solution, and C) pure DS2. DS2 solution.

The large number of compounds formed from these reactions makes the interpretation
of the results obtained by mass spectroscopy rather complicated and difficult. How-
ever, it was possible to identify some of the products formed; examples are carbox-
ylic acid derivatives and phenols.

Stress Cracking

While it may take a period of a few hours or days to see the corrosive effect
of DS2 on PC, crazes or cracks can form in PC in a few seconds if stress is simul-

* taneously applied to PC. The stress could either be mechanical or simply residual
stresses due to material processing. It is generally accepted that absorption of
the liquid and concomitant Ti reduction are intimately related to stress cracking
behavior. Several authors have shown correlation between the critical crazinga
strain of a polymer and the equilibrium solubility of the liquid in the polymer,
thereby predicting environmental stress cracking of the polymer from solubility con-
siderations. The concept has been extended to include a hydrogen bonding parameter

B1.S 4 H R\Il IR. ( ind K \\IHOLR. R 1'. //1( Rl, 'It ()rL'iiiI -I :cil illn l( tiw Sit s\ :~1 i ra, AiL ow /i f2. '-,hlii t /i 1- 14-
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to aid in predicting stress cracking characteristics of several different polymers.
7

Organic agents with solubility parameters similar to those of a polymer can act
either as solvents or cracking agents. When the difference is somewhat larger, the
organic liquids act as crazing agents. Although the theories for predicting the
stress cracking behavior of a polymer in an organic liquid have been established,
there has been little study done for the cases in which chemical chain cleavage is
involved.

The study of the stress cracking of PC in contact with DS2 was done by bending
the uncoated PC specimens in a three-point-bending fixture at various strain levels.
The time it took for the first craze to appear after the application of the chemi-
cals was taken as the craze initiation time. The results indicate that the craze
initiation time decreases with the applied strain. A threshold strain, termed cri-
tical strain, was noted for each chemical tested, below which no craze or crack was
observed for a relatively long period of time (-I hour), as shown in Figure 7. A
higher critical strain means a better resistance %F the material to the chemical

tested. The critical strain of dry PC in the air (i.e., in the absence of any
kind of unfavorable environment) is about 1.9%, below which no crazes could form in
a short period of time. Table I summarizes the critical strain values of PC in DS2
and its components.

Dfe' len. riarI , DET4,

0

K. A -''eth~ceIlosolve C JL

-

'j 30

10 20 30
('raze ilihatior Tir e ,','niueS,

Figure 7. Craze initiation time vs. applied strain.

It is apparent that the presence of the liquids lowers the resistance of PC to
stress cracking significantly. Upon contact with DS2, cracks developed rapidly in
PC and propagated to the edges, as shown in Figure 8. The process of chain cleavage
generates weak spots in the PC specimen that act as stress concentrators, promoting

7



Table 1. STRESS CRACKING

RESISTANCE OF PC

Critical
Chemical Strain (%)

DS2 0.32
DETA 0.34
MCEL 0.68

MAJOR
CRACK

EDGE

Figure 8. Crack growth in PC upon contact with DS2.

further chain cleavage and crack formation. While the critical strain in DETA is
close to that in DS2, PC failed by developing a large number of stable crazes upon
contact with DETA, as shown in Figure 9. The resulting damage, therefore, was less
severe. Under a similar strain level, MCEL gave the highest critical value and
rendered the least amount of damage, characterized by the development of a single
stable craze.

It has been demonstrated that the toughness of a glassy thermoplastic polymer
increases with its molecular weight, and there is a critical molecular weight (Mc )
below which a polymer exhibits a very low fracture stress and low fracture tough-
ness. 8'9 The craze fibrils (and therefore crazes themselves) are not stable below
Mc. Consequently, the time it takes for cracks to form in PC in the presence of DS2
could depend on how fast the molecular weight drops to the critical value. Since
the external stress facilitates the chain cleavage by lowering the energy barrier

I KR \ 1I R. I I I i,, / , I/ ht- I ,' I h, I Jl( 1,,1h10 (I ,I 1"', I,,l(/1jI It', . I, ',,l m , A. \m, rc, S . %. 14. 1 !8 1 7, I
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I CRAZES

--'* Figure 9. Craze growth in PC upon contact with DETA.

for the process, the failure initiation time is a function of the level of the
applied stress and the rate of reaction between the carbonate groups and the attack-
ing species. As a result, the prediction of the stress cracking behavior of PC in

. DS2 requires not only an understanding of the solubility of the products, but also
knowledge of the kinetics of the reaction involved. A stu , of this behavior could

-' be very complicated, and is beyond the scope of this work. The results, however,

show that, above a strain level of about 0.32%, PC forms crazes and cracks in a few

seconds or minutes after the application of DS2. When the strain was much higher

than 0.32%, cracks formed instantaneously.

It is clear that the uncoated PC would not perform satisfactorily in the field
.- in the event of chemicl warfare due to its poor chemical resistance to the liquid

simulants of CW agents and DS2. Previous work has demonstrated, however, that
the chemical resistance and stress cracking behavior can be improved by applying a

coating material, Parylene C. The coating preserves the physical integrity and
optical clarity of PC, and, furthermore, its intrinsic high toughness and good adhe-
sion properties improve the stress cracking resistance of coated PC in DS2 signifi-

cantly. At a strain level where the uncoated material failed almost immediately,

stress cracking was prevented in Parylene C coated PC.

CONCLUSIONS
The results of this work have shown that the loss of physical integrity of PC

in DS2 is due to the attacking of the PC carbonate group by the chemical components

of DS2, resulting in chain cleavage. DETA appears to be the most aggressive com-

ponent in DS2 causing the chain cleavage reactions. NaOH also plays an important

role in the reaction; however, the overall eroding strength of DS2 does not seem to

*1



* be affected by the presence of NaOH. MCEL, while being rather inert to PC itself,

seems to function as a carrier for NaOH. Mass spectroscopy indicates that a large
number of small molecular weight products are formed as a result of the chemical
interactions between DS2 and PC. The stress cracking resistance of PC is signifi-

cantly lowered in the presence of DS2 and its components. It is suggested that
prediction of the stress cracking behavior of PC in DS2 requires not only knowledge
of the solubility parameter theory, but also that of the kinetics of the reaction
involved. The chemical resistance and stress cracking behavior can be significantly

improved by coating PC with Parylene C coating material.
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